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Elemental sulphur levels, sulphur localization in stems, and levels of sulphate, glutathione and cysteine were studied in
pepper (
 
Capsicum annuum
 
) cvs Yolo Wonder (higher resistance) and Luesia (lower resistance) after inoculation with 
 
Ver-
ticillium dahliae
 
, the cause of vascular wilt. Accumulation of elemental sulphur (S
 
0
 
) was first detected 10 days after inocu-
lation in Yolo Wonder (mean S
 
0
 
 level 7·3 
 
µ
 
g g
 
–1
 
 DW), and 15 days after inoculation in Luesia (mean S
 
0
 
 level 3·3 
 
µ
 
g g
 
–1
 
DW). The maximum level was reached 21 days after inoculation in Yolo Wonder (14·1 
 
µ
 
g g
 
–1
 
 DW). In control plants,
elemental sulphur was not detected. SEM-EDX (scanning electron microscopy-energy dispersive X-ray microanalysis)
indicated that the sulphur was not restricted to a specific location, but was dispersed throughout the vascular tissue.
Sulphate levels showed a decline at the end of the experiment in inoculated plants, possibly related to the increase in
sulphur levels seen in the two cultivars. The differences in sulphate levels between the two cultivars may be due to faster
sulphate breakdown in cv. Yolo Wonder.
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Introduction
 
Verticillium dahliae
 
 is a soilborne pathogen that can infect
pepper (
 
Capsicum annuum
 
) plants at any growth stage.
The fungus produces survival structures called micro-
sclerotia that may survive under field conditions for up 14
years even in the absence of a host. When the microscle-
rotia are close to the host plant root and environmental
conditions are favourable, they germinate and cause infec-
tion (Bhat 
 
et al
 
., 2003). The fungal hyphae penetrate the
host through the root epidermis or wounds, crossing cor-
tical root tissues to the xylem elements. In the xylem, the
mycelium proliferates by rapid colonization of the whole
vascular system (Heinz 
 
et al
 
.,
 
 1998
 
). The first symptom of
the disease is foliar chlorosis that progresses to necrosis.
Other visible symptoms include stunting, epinasty, wilting,
leaf abscission and, eventually, browning of the vascular
system. In general, wilting is the result of restricted water
movement, due to complex interactions between toxins,
enzymes and hormones (Cooper, 1984).
Verticillium wilt may be caused by 
 
V. dahliae
 
 or 
 
V. albo-
atrum
 
. Verticillium wilt caused by 
 
V. dahliae
 
 (henceforth
verticillium wilt) limits the production of a wide range
of economically important crops, including pepper,
aubergine, tomato, sunflower, potato, cotton and olive tree
(Pegg, 1974; Heale, 1988; Bejarano-Alcázar 
 
et al
 
., 1996).
In Mediterranean countries (Thanassoulopoulos & Kitsos,
1972; Tsor 
 
et al
 
., 1998; Pomar 
 
et al
 
., 2001; Saavedra 
 
et al
 
.,
2003), verticillium wilt is a serious threat in the pro-
duction of crops such as pepper, causing severe economic
losses. The disease is typically managed by a combination
of crop rotation, chemical methods and biological methods,
but the results obtained are far from satisfactory. Pepper
cultivars completely resistant to this pathogen are not
known (Barriuso 
 
et al
 
., 1989; Palloix 
 
et al
 
., 1990; González
Salán & Bosland, 1992) although different degrees of
resistance exist.
Plant resistance to pathogens often involves substances
known as phytoalexins, low-molecular weight antimicrobial
compounds that are synthesized by and accumulated in
plants after exposure to micro-organisms (Paxton, 1981).
Phytoalexin accumulation may be part of a co-ordinated
defence strategy, in which any one factor alone may be
unable to account for the observed resistance to a given
pathogen (Mansfield, 2000). Among the phytoalexins dis-
covered to date, perhaps the simplest is elemental sulphur,
which was detected in 
 
Theobroma cacao
 
 (cocoa) stems
after 
 
V. dahliae
 
 challenge (Cooper 
 
et al
 
., 1996; Resende
 
et al
 
., 1996). Following the identification of sulphur as
a phytoalexin, subsequent studies have investigated its
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localization in tomato plants, using the highly specific and
sensitive technique of scanning electron microscopy com-
bined with X-ray micro-analysis (SEM-EDX) (Williams
 
et al
 
., 2002).
Elemental sulphur formation is seen in many pro-
karyotes, such as photosynthetic and chemo-autotrophic
sulphur bacteria and cyanobacteria (Schmidt 
 
et al
 
., 1987;
Visser 
 
et al
 
., 1997; Reinartz 
 
et al
 
., 1998). In eukaryotes,
production of S was described initially in a few fungi and
algae (Ikawa 
 
et al
 
., 1973; Pezet & Pont, 1977; Kraus
 
et al
 
., 1984), with elemental free sulphur found to be an
antibiotic component in the red algae 
 
Ceramiun rubrum
 
and 
 
Erythrophyllum delesseriodides
 
 (Izak 
 
et al
 
., 1982).
Kylin 
 
et al
 
. (1994) showed that diverse plant species,
both gymnosperms and angiosperms, can produce and
accumulate elemental sulphur in cell compartments such
as the epicuticle. Elemental sulphur S is produced by
suspensions of illuminated spinach chloroplast supplied
 
in vitro
 
 with  (Joyard 
 
et al
 
., 1988).
As noted, Cooper 
 
et al
 
. (1996) reported the production
of elemental sulphur, as cyclo-octasulphur S
 
8
 
,
 
 
 
by resistant
genotypes of 
 
Theobroma cacao
 
, in response to 
 
V. dahliae
 
invasion of the xylem. Their data provide rare documen-
tation of the cellular localization of an antimicrobial
substance, and evidence for the first time of accumulation
of elemental sulphur in association with a resistance
response. High concentrations of sulphur were found only
in scattered xylem parenchyma cells in direct contact with
xylem vessels, within vessel walls and in gels (gums)
occluding xylem vessels. These specific locations are of
direct relevance to resistance to the xylem-invading path-
ogen 
 
V. dahliae
 
. Recently, Williams 
 
et al
 
. (2002) detected
sulphur in response to 
 
V. dahliae
 
 challenge in a 
 
V. dahliae
 
-
resistant line of tomato. In the resistant line sulphur
accumulation was more rapid than in the susceptible
line, and the levels detected proved toxic to the fungus.
More recently, sulphur accumulation has been detected in
diverse families, as a component of defence against diverse
pathogenic fungi and bacteria (Williams & Cooper,
2003). In higher plants, sulphur formation seems to be
widely used as an instigator of the defence response, in
plants from different families including cocoa, cotton,
French bean, and tomato and tobacco (Williams &
Cooper, 2003, 2004).
Sulphur, in its different oxidation states, is one of the
most versatile elements in biological systems. Sulphur
metabolism in plants includes its uptake from the environ-
ment, its assimilation into organic compounds, and its
channelling into proteins and secondary substances (Hell,
1997). In addition, sulphur seems to form part of a complex
defence response presenting physical and chemical
barriers to vertical and lateral colonization by specialized
pathogens (Beckman, 2000; Williams 
 
et al
 
., 2002).
The present study investigated the possible involvement
of elemental sulphur in defence responses of the pepper
 
C. annuum 
 
to 
 
V. dahliae
 
. Since there are no fully 
 
V. dahliae
 
-
resistant cultivars of 
 
C. annuum
 
, two varieties showing
different degrees of partial resistance were studied (see
Pomar 
 
et al
 
., 2004; Novo 
 
et al
 
., 2006). Sulphur contents
were analysed in plant tissues, to investigate whether
sulphur accumulation may form part of the mechanism of
partial resistance.
 
Materials and methods
 
Fungal isolate and inoculum production
 
The 
 
V. dahliae
 
 isolate UDC53Vd was collected in north-
west Spain (Galicia) from infected pepper plants during a
survey carried out in summer 1998 (Pomar 
 
et al
 
., 2001).
This isolate, showing high aggressiveness for pepper
(Novo 
 
et al
 
., 2006), was grown on PDA (potato dextrose
agar) at room temperature for 20 days until inoculation.
 
Plant material and growth conditions
 
Seeds of the 
 
C. annuum 
 
cvs Luesia and Yolo Wonder were
disinfected with sodium hypochlorite (0·3% for 30 min)
and grown in a substrate composed of potting soil
(nitrogen 300 mg L
 
–1
 
, P
 
2
 
O
 
5
 
 250 mg L
 
–1
 
, K
 
2
 
O 375 mg L
 
–1
 
,
Mg 30 mg L
 
–1
 
, organic matter 95%) and perlite in a 2:1
(v/v) ratio, previously sterilized at 120ºC for 45 min. Ten
10-week-old plants of each cultivar were inoculated with
the 
 
V. dahliae
 
 isolate by a modification of the method of
Melouk (1992). Briefly, conidial suspensions of isolates
were prepared by washing each plate with sterile water
and scraping the cultures with a rubber spatula. Mycelial
fragments were removed by filtration through a double
layer of sterile cheesecloth, and the inoculum was adjusted
to 10
 
6
 
 conidia mL
 
–1
 
. For inoculation, the roots were cut
approximately 1 cm from the apex and suspended in the
conidial suspension for 45 min. Another group of 10 plants
was treated with sterile water instead of the inoculum,
as the control group. After inoculation, the plants were
transplanted individually into 12-cm diameter 400 mL
pots with the same substrate, and placed in a greenhouse
at 25ºC with a 16 h light and 8 h dark photoperiod. Plant
stems were harvested at 5, 10, 15, 20, 25 and 30 days
post-inoculation (dpi) for elemental S, sulphate, and thiol
analyses. All experiments were run three times.
 
Extraction and analysis of elemental S by GC-MS
 
Samples were incubated for 10 min in dichloromethane
(HPLC grade) (10 mL g
 
–1
 
) in order to extract non-polar
compounds. Elemental S was analysed and quantified by
gas chromatography–mass spectroscopy (GC-MS) as 
 
32
 
S
 
8
 
,
since this is the most abundant isotope and most common
form of S
 
0
 
 (Williams 
 
et al
 
., 2002). First, a defined amount
of a standard solution of 
 
34
 
S in dichloromethane was
added to the non-polar extract. Next, the extract was
filtered through Whatman 1PS filter paper into a round-
bottom flask, and the dichloromethane was removed
 
in vacuo
 
. The residue was dissolved in 20 mL of hexane
(HPLC grade) and passed through an 8 mL silica column
(60 Aº) for purification. The column was eluted with
20 mL of hexane, the effluent collected was evaporated,
and the residue resuspended in 2 mL of dichloromethane,
SO4
2−
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dried under a nitrogen stream, resuspended in 250 
 
µ
 
L of
dichloromethane, and analysed by GC-MS.
GC-MS was done using a Thermo Finnigan Polaris Q
ion trap mass spectrometer coupled to a Trace GC 2000
gas chromatograph. Compounds were separated on a DB-
5MS 60 
 
×
 
 0·25 
 
× 
 
0·25 mm column with helium as carrier
gas (1 mL min
 
–1
 
 constant flow). The temperature regime
was 35ºC for 2 min, then to 200ºC at 25ºC min
 
–1
 
, then to
250ºC at 5ºC min
 
–1
 
 and finally up to 320ºC at 15ºC min
 
–1
 
.
The mass spectrometer was operated in EI mode (70 eV)
running simultaneously in SCAN (50–300 amu) and SIM
mode (m/z 
 
=
 
 256 and 272).
 
Detection of S by SEM-EDX
 
Micro-analysis was used to evaluate sulphur localization
in stems of the two cultivars 29 days after inoculation
with 
 
V. dahliae
 
, as reported by Williams 
 
et al
 
. (2002) with
some modifications. Briefly, 0.5 cm stem sections (from
the base and intermediate zone) were submerged in liquid
nitrogen for 5 min, then lyophilized for 8 h, then placed
on double-sided conductive carbon discs, and finally
coated with carbon. The samples were placed on the car-
riers in such a way that both transverse and longitudinal
sections of the stem could be observed. Prepared samples
were stored in a dry place until analysis. Analysis was
done in a scanning electronic microscope (JSM-6400 SEM)
fitted with an EDX micro-analysis apparatus. The micro-
analysis was performed using the program Inca from Oxford
Instruments, with an acceleration voltage of 20 kV and a
working distance of 5 mm from the target lens.
 
Analysis of sulphate ions by capillary electrophoresis
 
Sulphate was quantified by the method of Blake-Kalff
 
et al
 
. (1998) with minor modifications. Briefly, sulphate
was extracted from 0·1 g of lyophilized stems by incuba-
tion in 1 mL of deionized water at 90ºC for 2 h, and the
extract was filtered through filter paper (no. 42 Whatman).
Capillary electrophoresis was done in a capillary ion
analyzer (Waters CIA) with a negative power supply
(0–30 kV), a mercury lamp for indirect UV detection to
254 nm, and a 60 cm 
 
×
 
 75 
 
µ
 
m i.d. polyimide-coated
fused silica capillary (Accu-Sep, Waters). The method of
injection was hydrostatic for 30 s, and the applied potential
was –15 kV. The time constant for the detector was
0·1 s and the rate of data acquisition 20 points s
 
–1
 
. Data
acquisition was done with Millennium software (Waters).
The reagents used were MilliQ water (Millipore) and
IonSelect High Mobility Anion Electrolyte (Waters).
 
Analysis of cysteine and glutathione by HPLC
For extraction of glutathione and cysteine, stem material
(100 mg) was homogenized to a fine powder and incubated
for 1 h at room temperature in 1·5 mL of 0·1 N HCl
containing 0·1 g of polyvinylpolypyrrolidone. Next, the
samples were centrifuged at 10 000 g for 5 min, and
aliquots of the supernatant were filtered through 0·22 µm
Ultrafree MC filters (Millipore). To 100 µL of filtered
sample, 100 µL of 1 M pH 9 borate buffer was added. This
buffer contained 1 M pH 9 DTPA (anhydrous diethylene-
triamine-penta-acetic acid) and 8·2 mm sodium borohy-
dride (NaBH4). The samples were incubated for 20 min at
4ºC, and then 2 mL of 0·1 M monobromobimane was
added. The compounds were mixed rapidly, and left for
90 min in the dark at room temperature. The reaction was
stopped by addition of 40 µL of methysulphonic acid
to 3%.
Samples were analysed by high pressure liquid chromato-
graphy (HPLC) (Waters 616) on a Spherisorb S5 ODS2
column (4·6 × 250 mm, 5 µm particle diameter) with a
fluorescence detector (Waters 474). The solvent gradient
was 10 to 90% (v/v) methanol in 0·25% (v/v) acetic acid
(pH 4·9), at 1 mL min–1. The derivative products were
detected fluorimetrically (excitation to 380 nm and emission
to 480 nm).
Chemicals
DTPA, sodium borohydride and boric acid were pur-
chased from Sigma Chemical Co, and 32S and 34S from
Cambridge Isotope Laboratories. The remaining chemicals
were obtained from various suppliers and were of the
highest purity available.
Statistical analysis
Assays used 10 plants per treatment and were performed
at least three times. The data were analysed by Student’s
t-test and one-way analysis of variance (ANOVA), at the
P = 0·05 level of significance. All analyses were performed
with Statgraphics Plus 4·0 software for Windows.
Results
Levels of elemental sulphur in inoculated stems
GC-MS analysis indicated accumulation of elemental
sulphur (S0) in the stems of both cvs Luesia and Yolo
Wonder inoculated with V. dahliae, but not in control
plants inoculated with sterile water (Table 1). In plants
inoculated with V. dahliae, S0 accumulation was first
detected at 15 dpi in cv. Luesia and at 10 dpi in Yolo Wonder.
In cv. Luesia S0 levels subsequently remained stable,
whereas in Yolo Wonder, levels continued to increase until
the end of the experiment (30 dpi). At the end of the
experiment, mean S0 level in cv. Yolo Wonder (12·95
± 1·00 µg g–1) was significantly higher than in Luesia
(3·6 ± 0·12 µg g–1).
SEM-EDX localization of sulphur in inoculated stems
Transverse and longitudinal sections of stems, cryofixed
and lyophilized, were obtained at 30 dpi from control and
V. dahliae-infected plants. Sections were taken from two
zones of the stem: a 0·5 cm section above the cotyledons
(base of stem), and a 0·5 cm section above the fourth
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internode. X-ray analysis detected total (not just elemental)
sulphur and sulphur was detected in V. dahliae-infected
plants of both cultivars (Fig. 1 shows cv. Yolo Wonder),
but not in any specific location: rather, it was dispersed
in the vascular tissue, both in vessel cell walls and in the
associated parenchyma cells (Fig. 1). Scanning and
transmission electron microscopy revealed colonization
of vessels by V. dahliae hyphae. However, samples did not
show vessel obstruction by tyloses or gels (Fig. 1a).
Levels of sulphate in inoculated stems
Sulphate levels in stems of both cultivars were analysed by
capillary electrophoresis. In the cv. Luesia, sulphate levels
were significantly higher in inoculated plants than in
control plants at 5 dpi, but then declined, so that at 20 dpi
sulphate levels were higher in control plants (Fig. 2a). In
cv. Yolo Wonder, sulphate levels differed little between
the two treatments throughout most of the assay, but by
20 dpi levels were significantly higher in control plants, as
in Luesia (Fig. 2b).
Levels of glutathione and cysteine in inoculated stems
HPLC analysis showed glutathione levels were similar in
control and inoculated plants at the beginning of the
experiment, independent of the cultivar (Fig. 2 c,d). At
10 dpi glutathione levels had increased in inoculated
Table 1 Elemental sulphur content (µg sulphur per g dry weight) in 
stems of the two pepper (Capsicum annuum) cultivars inoculated with 
Verticillium dahliae
dpia
Luesia Yolo Wonder
Control Inoculated Control Inoculated
5 n.d.b n.d. n.d. n.d.
10 n.d. n.d. n.d. 7·27 ± 3·4 a
15 n.d. 3·26 ± 0·12 ac n.d. 10·35 ± 6·7 ab
20 n.d. 2·16 ± 1·01 a n.d. 14·05 ± 5·3 ab
30 n.d. 3·60 ± 1·69 a n.d. 12·95 ± 1·0 b
aDpi = days post inoculation.
bn.d. = not detectable.
cValues shown are means ± SD of three independent experiments. 
Within each column, values followed by the same letter are not 
significantly different (P ≤ 0·05).
Figure 1 Scanning electron microscopy (SEM; 
backscattered electron mode) and SEM-EDX 
(SEM-energy dispersive X-ray microanalysis) 
data. (a) SEM image of a transverse section of 
a vessel from the intermediate zone of the stem 
of Capsicum annuum cv. Yolo Wonder plant 
inoculated with Verticillium dahliae, showing 
fungal hyphae (f). (b) EDX spectrum of the 
whole area shown in (a). (c) and (d) SEM-EDX 
distribution maps of the area shown in (a), 
showing sulphur spots. Bar = 40 µmf. 
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plants with respect to control plants. In cv. Luesia, these
differences were sustained until 30 dpi, when levels in
control and inoculated plants were once more the same
(Fig. 2c). In cv. Yolo Wonder, levels were 3-fold higher
than in control plants by 20 dpi, but dropped again by
30 dpi (Fig. 2d).
Cysteine levels in V. dahliae-inoculated Yolo Wonder
plants rose to approximately twice the level seen in
control plants, at both 20 and 30 dpi (Fig. 2f). In contrast,
in cv. Luesia cysteine levels varied over time but showed
almost no differences between control and inoculated
plants, throughout the experiment (Fig. 2e).
Discussion
This is the first report showing differences in sulphur
accumulation patterns in response to verticillium wilt
between two pepper cultivars showing differences in
resistance to this disease.
Although pepper cultivars fully resistant to Verticillium
dahliae are not known, some studies have indicated that
cvs Luesia and Podarok have higher resistance to this path-
ogen than other cultivars (Barriuso et al., 1989; Palloix et al.,
1990). However, in recent studies of the maintenance of
leaf photosynthetic integrity in 15-day-old plants cvs
Luesia, Yolo Wonder and Padrón (Pomar et al., 2004), Yolo
Wonder and Padrón proved to be more resistant to V.
dahliae than Luesia. In a subsequent study of 10-week-old
Yolo Wonder and Luesia plants, dry weight analyses
showed the former to be the more resistant cultivar
(Novo et al., 2006), in agreement with Pomar et al. (2004).
In the present study, the accumulation of elemental S in
pepper plants inoculated with V. dahliae, as quantified by
the method of Resende et al. (1996) and Williams et al.
(2002), was faster and reached higher levels in the more
resistant cultivar (Yolo Wonder) than in the less resistant
cultivar (Luesia) (Table 1). These accumulation patterns
seem to be in direct relation to the decrease in sulphate
levels observed in both cultivars at the end of the assay
(Fig. 2a,b). The difference in sulphate levels between the
two cultivars may be due to faster breakdown of the
sulphate in Yolo Wonder. In this cultivar, elemental sulphur
was detected earlier, and its accumulation in the xylem
was paralleled by a more marked decline in sulphate levels
(Fig. 2b). Sulphate is the principal source for elemental S
in plants: the sulphate is reduced to sulphide in several
steps, mainly in chloroplasts (Joyard et al., 1988), and the
sulphide is then incorporated into cysteine, whose forma-
tion is practically the only point of entry of reduced
sulphur into organic compounds in plants. The cysteine is
partially converted to methionine or glutathione. This
reduced S pool acts as a storage and transport form.
Elemental S can be produced by the degradation of either
glutathione or cysteine, giving sulphide that can be oxidized
to form elemental S in a nonenzymatic reaction (Steudel
et al., 1990). In the present study, glutathione levels
increased in plant stems throughout the infection process,
the increase being more marked in cv. Yolo Wonder than
in Luesia. These increases could be related to transport of
glutathione via the vascular tissues to the leaves, where
glutathione reduction takes place. Glutathione protects
the cytosol and other cell compartments against reactive
oxygen species, which accumulate in response to biotic
stress (Kömives et al., 1998; De Gara et al., 2003). In
addition, the decrease in glutathione level seen in cv.
Yolo Wonder at 30 dpi may be related to the high levels
of elemental sulphur detected at this time. Cysteine was
detected at higher levels in this cultivar, in which it possibly
Figure 2 Time-course of sulphate (a,b), 
glutathione (c,d) and cysteine (e,f) levels in 
stems of control () and Verticillium dahliae-
inoculated () plants of Capsicum annuum cvs 
Luesia (a, c, e) and Yolo Wonder (b, d, f). 
Results are means of three independent 
assays; error bars show standard deviations. 
Asterisks (*) indicate a significant difference 
with respect to that day’s control (P ≤ 0·05).
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acted as a source of elemental sulphur (also detected at
higher levels in this cultivar).
As already noted, elemental S was implicated in plant
defences against verticillium wilt following the discovery
of S accumulation in resistant lines of cocoa and tomato,
in quantities sufficient in time and space to inhibit V. dahliae
development (Cooper et al., 1996; Resende et al., 1996;
Williams et al., 2002). Recently, Williams & Cooper (2003)
reported that sulphur is not only produced in diverse
plant families, but also in response to diverse fungi and
pathogenic bacteria. The patterns of accumulation of
this element in tomato and other crop plants, including
cotton, tobacco and French bean, are similar to those of
organic phytoalexins, with faster accumulation and
higher levels in resistant genotypes. However, although
some susceptible cultivars show minimal sulphur accumu-
lation, others show end-of-assay sulphur levels similar to
those of resistant cultivars (Williams & Cooper, 2003). In
the present study, both pepper cultivars accumulated
sulphur in stems in response to V. dahliae inoculation, this
accumulation being faster and reaching higher levels in
Yolo Wonder than in Luesia. Notably, the mean S level
detected in stems of cv. Yolo Wonder at 15 dpi was higher
than the values reported to be required (Williams et al.,
2002) for inhibition of V. dahliae spore germination and
hyphal growth. SEM-EDX of V. dahliae-infected pepper
plants indicated that sulphur was dispersed throughout
the vascular system, in vessel cell walls and in parenchyma
cells. However, the rapid and widespread sulphur accu-
mulation seen in Yolo Wonder, and to lesser extent in
Luesia, evidently did not confer full resistance, since wide-
spread hyphal colonization was observed. Furthermore,
transmission electron microscopy did not detect xylem
vessel occlusion by tyloses or gels, as commonly seen in
resistant lines.
The increases in elemental sulphur levels seen in cvs
Yolo Wonder and Luesia after inoculation with V. dahliae
are similar to the previously reported increases in phenolic
compounds in these cultivars after V. dahliae inoculation
(Pomar et al., 2004). Inoculation with V. dahliae also
increases lignin contents in stems, possibly contributing to
restrict the growth of the fungal hyphae in the xylem
(Pomar et al., 2004). In pepper plants, all these defensive
mechanisms may work together with sulphur in a coor-
dinated manner to control infection by V. dahliae. These
results suggest that sulphur – though clearly not con-
ferring full resistance – may form part of a multi-faceted
response that creates physical and chemical barriers to
lateral and vertical colonization by pathogens (Bell & Mace,
1981; Cooper, 2000). The various defence mechanisms
that can be activated during the response to an infection
are not all equally effective for preventing colonization,
but in combination they may protect against a wide range
of pathogens (Dixon, 2001; Mansfield, 2000).
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